Background: Tenofovir disoproxil fumarate (TDF), a prodrug of tenofovir (TFV), may be ideal for topical HIV preexposure prophylaxis because it has higher tissue and cell permeability than TFV; is not adversely impacted by seminal proteins; and its active metabolite, TFV-diphosphate (TFV-DP), has a long intracellular half-life. We engineered a TDF eluting polyurethane reservoir intravaginal ring (IVR) to provide near constant mucosal antiretroviral concentrations.
Introduction
Worldwide 16 million women aged 15 years and older are living with HIV [1] . Two trials demonstrated that the formulation of oral tenofovir disoproxil fumarate (TDF) and emtricitabine (Truvada) can be effective as preexposure prophylaxis (PrEP) in women to prevent heterosexual HIV transmission [2, 3] . Another study of daily oral Truvada in women was discontinued early due to futility and subsequently linked to low adherence [4] . Attempts at preventing HIV transmission in women with tenofovir (TFV) vaginal gel dosed daily or pericoitally yielded disappointing results, which were also linked to low adherence [4, 5] . Pericoital dosing of TFV 1% gel failed to reduce HIV acquisition in 2059 HIV-uninfected women -70% of whom were younger than 25 [5] . Difficulties with adherence to oral and gel formulations suggest that sustained drug delivery with long-acting systemic therapy or intravaginal rings (IVRs) may prove more effective.
TDF IVR delivery for HIV prevention in women may have distinct advantages over other formulations, including the need for less frequent dosing and fewer systemic side-effects. Importantly, TDF is 100-fold more potent than TFV against HIV in vitro and in animal models, reflecting greater tissue permeability and cellular uptake [6] [7] [8] . TDF retains antiviral activity when virus is introduced in seminal plasma or when cells are washed with seminal plasma as might occur following sex. In contrast, a decrease in anti-HIV activity of dapivirine was observed with seminal plasma wash, reflecting protein binding and rapid transit of drug out of cells [9] . A polyurethane reservoir IVR engineered to deliver TDF completely protected nonhuman primates against 16 weekly intravaginal challenges with simian HIV and was highly protective in a model combining depot medroxyprogesterone acetate with 12 weekly vaginal viral challenges. Similar vaginal fluid TFV concentrations were observed proximal and distal to the ring and protection was associated with mean vaginal fluid TFV concentrations of 1.8Â10 5 ng/ml (range 1.1Â10 4 -6.6Â10 5 ng/ml). Notably, mean TFV concentrations above 10 3 ng/ml persisted for days after ring removal, suggesting that protection may be provided if the ring were removed pericoitally [10, 11] .
Building on these studies, a randomized, placebocontrolled trial was conducted to assess the safety of a TDF IVR and pharmacokinetics of TDF and its metabolites in cervicovaginal fluid (CVF), tissue and blood during use and after ring removal. Exploratory objectives included adherence, acceptability, and pharmacodynamic assessment by measuring HIV inhibitory activity of CVF using an ex-vivo challenge model.
Materials and methods

Study design
The study was approved by the Albert Einstein College of Medicine Institutional Review Board and registered in clinicaltrials.gov (NCT02006264). All participants provided written informed consent. The primary outcome was to assess the safety of TDF and placebo IVRs by comparing the proportion of women in each arm who experienced grade 1 or higher genitourinary events as defined by the Division of AIDS (DAIDS) Table for Grading the Severity of Adult and Pediatric Adverse Events [12] judged to be related to study product. Secondary outcomes were systemic and genital pharmacokinetics of TDF and its metabolites and included descriptive concentration-time curves for analytes, peak concentration (C max ), time to peak concentration (T max ) in plasma and CVF, and drug half-life after ring removal in CVF.
Thirty women (18-45 years) were recruited from New York City between November 2013 and September 2014. Inclusion criteria were use of low-dose combined oral contraceptive pills, regular menstrual cycles, and willingness to abstain from vaginal product use and sex for the study duration. Exclusion criteria included pregnancy, breastfeeding, HIV, genitourinary infection, vaginitis, intermenstrual bleeding, abnormal Pap test, hepatitis B infection, and abnormal renal or liver function.
At screening, participants had a pregnancy test, gynecological examination, Pap and nucleic acid amplification testing for Neisseria gonorrheae, Chlamydia trachomatis and Trichomonas vaginalis (Gen-Probe, Inc., San Diego, California, USA). Swabs of the lateral vaginal wall were collected for pH (Whatman pH paper, pH 3.8-5.5), and Gram stain for Nugent scoring. Blood was collected for Treponema pallidum enzyme immunoassay (Trep-Sure EIA; Trinity Biotech, Inc., Jamestown, New York, USA), serotype specific antibodies for HSV-1 and HSV-2 (BioPlex 2200; Bio-Rad Laboratories, Inc., Hercules, California), hepatitis B serologies, complete blood count, and kidney and liver function tests. An oral swab was collected for the OraQuick ADVANCE Rapid HIV-1/2 Antibody Test (OraSure Technologies, Inc, Bethlehem, Pennsylvania, USA). Enrollment (visit 2) occurred within 30 days of screening. Swabs were collected for pH, Nugent score, microbiome studies, and detection of semenogelin using the Rapid Stain Identification (RSID) test (Independent Forensics, Lombard, Illinois, USA). Randomization (visit 3) was conducted after cessation of menses to allow for 2 weeks of continuous ring use without bleeding. Speculum exam and colposcopy were performed, and swabs for pH, Nugent score, and semen test were collected. Dry Dacron swabs were individually held at the introitus, vaginal wall and ectocervix for 2 min for assessment of drug levels and antiviral activity. Eligible participants were randomized 1 : 1 to TDF or placebo ring. The randomization was computer generated by the study statistician. This study was not double-blinded because the TDF and placebo rings are not identical in appearance, though all participants and laboratory staff were blinded to study treatment. Each ring was inserted and removed by a clinician. Participants were instructed to abstain from vaginal product use and sexual activity from 48 h prior to enrollment until 7 days after ring removal.
Study visits 4-9 were conducted 1, 3 (range 3-5), 7, and 14 days after ring insertion and 2 (range 2-4) and 7 days after ring removal. The ring was removed 14 days after insertion. Speculum exam, swabs for pH, Nugent score, semen, drug levels and antiviral activity, and blood collection were performed at each visit. Swabs for microflora analysis were collected at day 14 and after ring removal. Two ectocervical biopsies were collected at day 14 for pharmacokinetics analysis. Rectal swabs for drug levels were optional and collected 7 and 14 days after IVR placement. Dried blood spots (DBS) for TFV-DP were obtained 7 and 14 days after TDF IVR insertion. Adverse events were collected at each visit. A computer-assisted quantitative survey was administered at randomization, 3, and 14 days after IVR insertion.
Manufacture and characterization of tenofovir disoproxil fumarate and placebo rings Hydrophilic elastomer HydroThane AL 25-93A (Advan-Source Biomaterials, Inc., Wilmington, Massachusetts, USA) tubing (wall thickness ¼ 0.7 mm) was extruded, tubing was cut to 17.1 AE 0.1 cm in length, and one end was sealed as described previously [10, 13] . The open tube was filled with a mixture of TDF (Gilead Sciences, Inc., Foster City, California) and NaCl [US Pharmacopeia (USP) grade, Spectrum Chemicals, New Brunswick, New Jersey, USA]. The formulation of TDF and NaCl (86 : 14) was filled to achieve a final concentration of 365 AE 15 mg of TDF and 55 AE 5 mg of NaCl per TDF IVR. For the placebo formulation, one-end sealed tubes were filled with 55 AE 5 mg of NaCl per IVR. The open end of the filled tubes was sealed to form a rod and the ends of each rod were butt-welded together to form a ring. To set the shape, the rings were placed in a heated circular-shaped mold and then cooled. The rings were packaged in heat-sealed pouches (LPS Industries, Moonachie, New Jersey) and placed at 658C for 5 days to load the wall of the IVR with TDF. The ring dimensions were similar to those of the commercially available NuvaRing with outer and cross-sectional diameters of 55 and 5.5 mm respectively. IVRs were analyzed for residual drug content after removal by chemical extraction as described previously [6] .
Dacron swabs of the surface and fluid extracted from the core of used IVRs were collected for quantitative culture analysis, as previously described [14] . Each swab was placed in a Port-A-Cul transport tube (Becton Dickson, Sparks, Maryland, USA) and transported on ice to the Magee-Women's Research Institute, Pittsburgh, Pennsylvania within 24 h of collection. Aerobic and anaerobic organisms were identified to the genus, species, or groups of bacteria using phenotypic tests. Lactobacillus species were tested for hydrogen peroxide production [15] . Broad-range 16S rRNA gene PCR with pyrosequencing using the 454 Life Sciences Titanium technology (Roche, Branford, Connecticut, USA) was used to document the vaginal microbiota with ring use [16, 17] . Samples from enrollment (visit 2), day 14 (visit 7) and 1 week after removal (visit 9) were multiplexed using 6 bp barcodes [see Table, Supplementary Digital Content (SDC) 1, http://links.lww.com/QAD/A843], and sequences were classified (see Table, SDC 2, http:// links.lww.com/QAD/A844) using the phylogenetic placement tool pplacer [18] and a curated reference set of vaginal bacteria [16] . An average of 4078 reads per sample was generated. Sequence reads have been deposited to the NCBI Short Read Archive under the accession no. SRP066608.
Pharmacokinetics
Biopsies and swab-collected fluids were weighed, stored in separate cryovials, flash frozen in liquid nitrogen and stored at À808C prior to analysis. TFV concentrations were quantified using liquid chromatographic-tandem mass spectrometric (LC-MS/MS) methods [19] . For TDF, sample preparation involved extraction of the analyte from the swab using a 1 : 1 (v/v) methanol : water solution. Postextraction, evaporation to dryness and reconstitution, 0.05 ml sample was combined with 0.05 ml of the structural analog desmethyl-TDF (Toronto Research Chemicals, Toronto, Ontario, Canada) and 0.5 ml 1 : 1 (v/v) methanol:water. A 7.5 ml injection was introduced to the LC-MS/MS system for analysis. The lower limits of quantification (LLOQ) for TFV in plasma, tissue, CVF and rectal fluid are 0.31 ng/ml, 0.25 ng/ sample and 0.625 ng/swab, respectively. For TDF, the LLOQ of the assay was 0.0625 ng/swab. For swabs and tissue, concentrations were converted to ng/mg based on the net weight of the specimen swab or biopsy. Values below the assay-specific LLOQ were reported as below the limit of quantification (BLQ). TFV-DP concentrations were also measured in tissue homogenates using validated LC-MS/MS assays [19] . LLOQ of the assay was 50 fmol/sample, and final concentrations were converted to ng/mg based on the net weight of tissue provided.
Dried blood spots
To measure intracellular TFV-DP, 25 ml of blood from ethylenediaminetetraacetic acid tubes were placed onto 903 Protein Saver Cards (Whatman/GE Healthcare, Piscataway, New Jersey, USA), which were allowed to dry for at least 3 h at ambient temperature. Each card was placed in a low gas-permeability plastic bag with humidity indicator card and desiccant pack. The bags were stored at -808C. A micropuncher was used to remove a disc 3 mm in diameter from the DBS. The disc was then extracted with 500 ml of 70 : 30 methanol-H 2 O and sonication. The supernatant was analyzed using a validated LC-MS/MS assay [20] . The LLOQ of the assay was 25 fmol/sample.
Anti-HIV activity of cervicovaginal fluid
To measure CVF HIV inhibitory activity, 3Â10 5 Jurkat-Tat-CCR5 cells were incubated with cervical swab eluants diluted 1 : 1 with culture medium (RPMI-1640 containing L-glutamine, 10% fetal bovine serum, 2 mmol/l L-glutamine, 100 U/ml penicillin) for 2 h prior to challenge with HIV-1 BaL (equivalent to 10 3 TCID 50 ). Input virus was removed after 2 h by washing the cells thrice with culture medium. HIV infection was assessed by measuring p24 levels in supernatants collected 5 days postinfection by AlphaLISA (PerkinElmer, Inc., Waltham, Massachusetts).
Statistical analysis
Demographic data and adverse events were compared using x 2 or Fisher's exact tests for categorical variables and t-tests or Wilcoxon rank-sum test for continuous variables. Friedman's tests were used to examine changes in Nugent scores and drug concentrations accounting for repeated measures taken from the same women over time. Bonferroni adjustments were applied for posthoc comparisons between time-points. The half-life of TFV in CVF from different locations was compared using the Friedman test. CVF HIV inhibition after ring insertion compared with enrollment was assessed with the Wilcoxon signed-rank test. A sample size of 30 (15 per arm) was selected a priori with the goal of having 12 per group complete the study. The sample size is based upon the size of similar phase 1 studies of microbicide products. All statistical analyses were performed using SAS version 9.3 (SAS Inc., Cary, North Carolina, USA) and GraphPad Prism Version 6 (GraphPad Software, La Jolla, California, USA).
Results
Study participants
Thirty females were enrolled; 29 completed the study and one requested early termination (see Figure, SDC 3, http://links.lww.com/QAD/A845). There was one missed visit among all who completed the study. There were no significant differences in demographics or other characteristics ( Table 1) .
Safety of intravaginal rings
Twenty-nine adverse events occurred in 12 women in the TDF arm and 14 were reported in seven placebo recipients. Twenty-three adverse events involved the reproductive tract, eight of which were judged to be product-related in six participants (40%) who received TDF versus one (7%) who received placebo (P ¼ 0.08). All product-related adverse events were due to vaginal or cervical discharge and were mild (grade 1). An additional eight reproductive tract adverse events were related to study procedures and seven were due to intermenstrual bleeding (see Table, SDC 4, http://links.lww.com/ QAD/A845). There were two nonproduct-related grade 746 AIDS 2016, Vol 30 No 5 2 adverse events, no grade 3-4 adverse events, and no serious adverse events. There were 10 colposcopic findings: six were present at enrollment and four were due to speculum trauma.
There were no changes in Nugent scores over the dosing period. At randomization, three participants in the TDF and one in the placebo group had bacterial vaginosis. Three of four (two TDF, one placebo) who had bacterial vaginosis at randomization also had bacterial vaginosis at the removal visit. The composition of vaginal microbiota was monitored using broad-range PCR with pyrosequencing of amplified 16S rRNA genes (see Figure, SDC 5, http://links.lww.com/QAD/A845). The bacterial community was mostly stable in placebo recipients. Transitions from L. crispatus or L. jensenii-dominant to L. iners-dominant communities were noted in five TDF compared with one placebo recipient. One TDF recipient had Streptococcus agalactiae-dominant community after ring removal.
Product acceptability and protocol adherence
Participants completed a computer-assisted survey. None reported ring removal or expulsions, two reported physical discomfort, and four were aware of the ring during normal daily activities. Twelve women (nine TDF and three placebo) reported that the vagina was wetter after ring use. All strongly liked or somewhat liked the ring, all reported that it was very easy or somewhat easy to wear, and all definitely or probably would recommend it to others. Although all participants reported sexual abstinence for the study duration, eight (four in each arm) tested positive at one or more visits for the presence of semen. Three participants (two TDF, one placebo) were positive during ring use and five were positive prior to insertion or after removal.
Pharmacokinetics CVF and tissue: The TDF IVR provided high tenofovir disoproxil (the fumarate disassociates from TDF in solution) and TFV CVF concentrations ( Fig. 1 and Table 2 ). Tenofovir disoproxil concentrations were more variable than TFV (Fig. 1a) . The median average vaginal tenofovir disoproxil and TFV concentrations during ring use were 1.1Â10 5 and 7Â10 4 ng/ml, respectively ( Table  2 ) and concentrations did not differ significantly between sites or change significantly from day 1 to day 14 (P ¼ 0.42, vagina; P ¼ 0.70, ectocervix; P ¼ 0.63, introitus) (Fig. 2) , indicating that the drug reached steady-state conditions in the vagina 1 day after ring insertion. Moreover, although drug concentrations declined, the median TFV concentration remained above 10 3 ng/ml 2-4 days after ring removal. There was no quantifiable tenofovir disoproxil in CVF after ring removal, which is consistent with its hydrolysis to TFV [21] . Following removal, the median (interquartile range, IQR) initial (2-day) half-life of TFV in CVF from the vagina, ectocervix, and introitus is estimated to be 14 (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) , 12 (10-21) and 11 (9) (10) (11) (12) (13) (14) (15) (16) (17) (BLQ, 0.56)] and 73% (11/15) women at day 14 [1.5 ng/ ml (BLQ, 2.1)]. TFV-DP concentrations in DBS were measured to explore the possibility that DBS may provide a marker of recent and cumulative adherence in future studies. TFV-DP was detected in 78% (11/14) women at day 14 [117 fmol/punch (63-260)]. Only one woman had detectable TFV-DP in DBS on day 7, which is consistent with the median red blood cell TFV-DP halflife of $17 days (15.7-20.2) following oral therapy [20] .
Pharmacodynamics
To assess pharmacodynamics of luminal drug, Jurkat-Tat-CCR5 T cells were challenged with HIV-1 BaL in the presence of CVF collected at enrollment, 1 and 2 weeks after ring insertion. At enrollment, there was variable anti-HIV activity with CVF from five women enhancing HIV infection. The inhibitory activity increased significantly in the TDF group from a median (IQR) of 29% (À50-60) to 96% (94-99) at day 7 (P ¼ 0.005) and to 94% (28-98) on day 14 (P ¼ 0.025), whereas there was no change in CVF antiviral activity in the placebo group (Fig. 3) .
Characterization of intravaginal rings after use TDF recovered from 15 TDF IVRs after use was 260 AE 20 mg, which is consistent with an average in-vivo release rate of 6.2 AE 1.4 mg/day based on product content of 365 AE 15 mg TDF (mean AE standard deviation). This in-vivo release rate is similar to the 14-day average in-vitro release rate of 5.0 AE 0.16 mg/day in acetate buffer at pH 4.2 and 378C. The mean concentration of mono-POC TFV recovered from rings was 13 AE 5 mg, which represents $8.0 AE 2.7 mol% of total drug and is comparable to the 6-10% measured in rings after 30 days of in-vitro release testing. Semiquantitative cultures of the ring surface showed colonization with common vaginal flora (see Table, SDC 6, http://links.lww.com/QAD/ A845) and no bacteria were isolated from the core of 26 rings.
Discussion
This first clinical study of a polyurethane reservoir TDF ring demonstrates that it is safe and well tolerated. Vaginal discharge, which is frequently reported in IVR studies [22, 23] , was more common in the TDF compared with the placebo group, but there were no other productrelated adverse events.
Steady-state concentrations of TFV in CVF were achieved 1 day after ring insertion, which is consistent with rapid and sustained drug release in the vaginal compartment. CVF TFV concentrations were similar at the vagina, cervix, and introitus, and were in excess of the concentration associated with protection in the CAPRISA study (10 3 ng/ml) [24] , though the timing in 748 AIDS 2016, Vol 30 No 5 which CVF concentrations were measured relative to coitally dependent gel application in CAPRISA is unknown. CVF TFV concentrations following ring use were also above the median TFV concentration (5Â10 4 ng/ml) measured after 6 weeks of daily oral TDF in Microbicide Trials Network 001 [19] , a regimen proven to be 100% effective in the Partners PrEP study if taken with high adherence [25] .
CVF TFV concentrations were also similar to those achieved with macaque-sized rings in which the animals were completely protected from repeated simian HIV vaginal challenges [10] . Consistent with nonhuman primates studies, we found that concentrations remained above 10 3 ng/ml after ring removal, which may be important as women may remove a ring before sex [26] .
As expected, low plasma TFV concentrations were detected early after IVR insertion and continued to increase throughout the dosing period. The plasma concentrations were similar to serum concentrations found after 6 weeks of daily vaginal TFV gel dosing (C max ¼ 3.9 ng/ml), but were significantly lower than those observed with oral daily TDF dosing (332 ng/ml) [19] . Further studies are needed to determine steady state plasma concentrations with the TDF IVR, but we anticipate that it will be similar to concentrations achieved with TFV gel, and thus unlikely to be associated Plasma Tenofovir (ng/ml) with systemic toxicity. The higher plasma concentration at day 14 suggests that plasma TFV may serve as a biomarker of cumulative ring use over 2 weeks. Additionally, we detected TFV-DP in red blood cells using DBS. This is the first IVR study to incorporate DBS and the findings suggest that this assay, which is similar to hair levels as a measure of drug exposure over 1-2 months, could be used in the future as a marker of longer-term adherence in efficacy trials. Steady state tissue levels may not be achieved for 3-4 weeks presuming that the half-life of TFV-DP is $130 h [27] .
Future studies of longer duration in sexually active women are needed. Based on in-vitro and in-vivo data, we anticipate that the ring will continue to deliver $5-6 mg/day of TDF for 30-45 days and will result in very rapid steady state tissue TFV-DP concentrations that exceed those achieved following oral TDF PrEP in adherent women, but with significantly lower systemic concentrations, thus avoiding potential toxicities. A limitation of the study is that participants were asked to abstain from sex. However, the rapid intracellular accumulation of TFV-DP after topical dosing, prolonged intracellular half-life, and sustained ring delivery suggest that there would be minimal effects of sex on pharmacokinetics/pharmacodynamics. This will be tested in a planned 3-month phase 1 study.
Additional studies with greater power are needed to better characterize the impact of TDF rings on the vaginal microbiota, preferably using molecular methods to determine if TDF rings promote colonization with Lactobacillus iners or other bacterial species.
In conclusion, the favorable safety and pharmacokinetics data support further clinical investigation of this TDF IVR. A 3-month trial is planned in sexually active women in the United States and Kenya. The high prevalence of bacterial vaginosis in Kenya will allow assessment of pharmacokinetics in the setting of an altered vaginal microbiome. Women will undergo sampling early after IVR insertion to determine how rapidly protective levels are achieved and days after removal to determine the rate of decay. 
